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The concentration of carbon monoxide in a gaseous medi- 
um is reduced by selective catalytic oxidation in the presence of 
gaseous oxygen by passing the gaseous medium through a quanti- 
ty of a catalyst capable of oxidizing carbon monoxide in an ex- 
othermic reaction at temperatures within a given temperature 
range. The temperatures encountered in the catalyst are controlled 
in such a manner that the exothermic reaction takes place first 
above a threshold temperature below which the catalyst would be 
rapidly inactivated at the relatively high carbon monoxide con- 
centrations present in the gaseous medium as it enters an inlet 
portion of the catalyst quantity, and subsequently in an outlet por- 
tion of the catalyst quantity at less than the threshold temperature 
to further reduce the carbon monoxide concentration to a desired 
minimum level below that achievable at temperatures above the 
threshold temperature. 
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- 1 - 
Description 

Method of and Apparatus for Removing 
Carbon Monoxide from Gaseous Media 

Technical Field 

5 The present invention relates to the treatment 

of gases in general, and more particularly to a 
method of and an apparatus for removing carbon 
monoxide from gaseous media. 

Background Art 

1° There are already known various methods of and 

apparatus constructions for removing carbon monoxide 
from gaseous media , among them such capable of 
removing carbon monoxide by oxidation in the 
presence of gaseous oxygen from gaseous media that 

15 additionally contain other oxidizable or otherwise 
reactable substances, such as hydrogen, using 
catalysts that selectively or preferentially promote 
the desired conversion of carbon monoxide to carbon 
dioxide. 

20 One such approach is disclosed in an article 

authored by M. L. Brown et al titled "Purifying 
Hydrogen by . . . Selective Oxidation of Carbon 
Monoxide", appearing in Volume 50, No. 10 of 
Industrial and Engineering Chemistry, pp. 841-844 

25 (1960) * As discussed there in the context of 
ammonia synthesis, certain catalysts, such as 
alumina-supported platinum, are capable of 
selectively promoting the oxidizing reaction of 
carbon monoxide to carbon dioxide with only small or 

3 0 negligible losses of hydrogen contained in the 

gaseous medium being treated to water formation, so 
long as the temperature at which the reaction takes 
C-1902 
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place is above a threshold temperature. However, 
it is also disclosed in this article that there is a 
relatively high limiting value below which the 
carbon monoxide concentration cannot be reduced when 
5 the oxidation reaction is conducted at such 

relatively high temperatures in a single stage. 
This limitation is primarily if not exclusively 
attributable to a reverse shift reaction in which 
carbon dioxide reacts with hydrogen to form carbon 

10 monoxide and water. On the other hand, this article 
also mentions that, when it was attempted to conduct 
the selective oxidation reaction on the incoming 
gaseous medium, which has a relatively high carbon 
monoxide concentration, at temperatures below the 

15 threshold temperature, the catalyst very rapidly 
became ineffective and did not become effective 
again merely as a result of a subsequent raising of 
the reaction temperature to above the threshold 
temperature; rather, it was necessary first to purge 

20 the catalyst using a gaseous medium substantially 

devoid of carbon monoxide at temperatures above the 
threshold temperature, followed by conducting the 
selective oxidation reaction at such elevated 
temperatures. Thus, this article indicates that it 

25 is impossible or at least not feasible to treat the 
incoming gaseous medium at temperatures below the 
threshold temperature. 

Yet, even in the above context, it is often 
desirable to reduce the carbon monoxide 

3 0 concentration to below the limiting value before the 
gaseous medium is supplied to the ammonia synthesis 
equipment proper. To this end, the above article 
proposes to use two consecutive selective carbon 
monoxide oxidation stages, with a carbon dioxide 

3 5 removal apparatus being interposed between such 
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consecutive oxidation stages. Even here, however, 
the selective oxidation reaction is conducted at 
above the threshold temperature in both of the 
oxidation stages; yet, because of the removal of the 
5 carbon dioxide from the gaseous medium between the 
two oxidation stages and the resulting dearth of 
carbon dioxide that could participate in the 
aforementioned reverse shift reaction from the 
gaseous medium entering the second oxidation stage, 

10 the severity of such reaction in the second 

oxidation stage is drastically reduced, resulting in 
a carbon monoxide concentration in the gaseous 
medium leaving the second oxidation stage that is 
considerably below that achievable in the first 

15 oxidation stage or, for that matter, in a single- 
stage oxidation device. 

Even the latter approach, however, leaves much 
to be desired. For one, the need for providing the 
carbon removal device between the two selective 

20 oxidation stages not only increases the complexity 
of the gaseous medium treatment equipment, but also 
significantly adds to its cost. Moreover, and 
possibly more importantly, there is still a limit, 
albeit lower than in the single-stage approach, 

25 below which the carbon monoxide concentration cannot 
be reduced when using the two-stage approach. Yet, 
there are applications, such as in treating a 
gaseous fuel to be supplied to a fuel cell, where 
even such a reduced carbon monoxide concentration is 

3 0 undesirably high. 

Accordingly, it is an object of the present 
invention to develop a method of and design an 
apparatus for selectively removing carbon monoxide 
from a gaseous medium by oxidation in such a manner 

35 as to minimize the carbon monoxide content in the 
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treated medium even at at varying loads, without the 
need for removing carbon dioxide from the medium 
being treated 

Disclosure of the Invention 

5 In keeping with these objects and others which 

will become apparent hereafter, one feature of the 
present invention resides in a method of reducing to 
a desired minimum level the concentration of carbon 
monoxide in a gaseous medium that also contains at 

10 least hydrogen. Such reduction is accomplished by 
selective catalytic oxidation in the presence of 
gaseous oxygen using a catalyst which is capable of 
oxidizing carbon monoxide in an exothermic reaction 
at temperatures within a given temperature range, 

15 but is rapidly inactivated when exposed to high 
carbon monoxide concentrations at less than a 
threshold temperature within the given temperature 
range, and incapable of reducing the carbon monoxide 
concentration to the minimum level when exposed to 

20 carbon monoxide at above the threshold temperature. 
This method includes confining a quantity of the 
catalyst having an inlet portion and an outlet 
portion, passing the gaseous medium through the 
confined catalyst quantity from the inlet portion to 

25 the outlet portion thereof, and introducing gaseous 
oxygen into at least the inlet portion of the 
confined catalyst quantity. According to the 
present invention, the temperatures encountered in 
the confined catalyst quantity are controlled in 

3 0 such a manner that the exothermic reaction takes 
place at above, and at below, the threshold 
temperature in the inlet portion and the outlet 
portion, respectively. According to another aspect 
of the present invention that is particularly useful 
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when the volume of the gaseous medium to be treated 
varies, at least the outlet portion of the catalyst 
quantity is subdivided into a plurality of separate 
catalyst beds, the amount of the gaseous medium to 
5 be treated is determined, and such amount is 
directed through only as many of the separate 
catalyst beds of the outlet portion as needed to 
achieve a flow rate of the gaseous medium 
therethrough that is sufficiently high to avoid any 
10 significant reverse shift of carbon dioxide to 

carbon monoxide, due to reaction with hydrogen, at 
least in the respective addressed bed of the outlet 
portion. 

Brief Description of the Drawing 

15 The present invention will be described in more 

detail below with reference to the accompanying 

drawing in which: 

Figure 1 is a somewhat simplified side 

elevational view, partly in cross section and partly 
20 in block diagram form, of a selective oxidizing 

apparatus constructed in accordance with the present 

invention as used for treating gaseous fuel for a 

fuel cell device; 

Figure 2 is a graphic representation of test 
25 results obtained by running an experimental 

apparatus akin to that of Figure 1 and indicating 

the significant carbon dioxide reduction achieved 

when performing the method of the present invention 

at various flow rates; 
3 0 Figure 3 is a view similar to that of Figure 1 

but showing a modified version of the apparatus of 

the present invention; and 

Figure 4 is a graphic representation of the 

dependence of the carbon monoxide concentration in 
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the gaseous medium exiting the second of two 
consecutive catalyst bed stages of the experimental 
apparatus on the volumetric flow rate of the gaseous 
medium through such second stage. 

5 Best Mode for Carrying Out the Invention 

Referring now to the drawing in detail, and 
first to Figure 1 thereof, it may be seen that the 
reference numeral 10 has been used therein to 
identify a selective carbon monoxide removal 

10 apparatus constructed in accordance with the present 
invention. As illustrated, the apparatus 10 is to 
be used for reducing to a minimum level the 
concentration of carbon monoxide in a gaseous fuel 
which is to be supplied from a gaseous fuel source 

15 11 to a fuel cell device 12. While the fuel cell 
device 12 has been illustrated, for the sake of 
simplicity, as being constituted by a single fuel 
cell having an anode side 13 and a cathode side 14, 
it is to be understood that the fuel cell device 12 

20 can and, as is well known, usually does, contain a 
multitude of such individual fuel cells arranged in 
groups, stacks and similar assemblies. Even in this 
instance, however, the fuel cell device 12 has the 
anode side 13 to which the treated gaseous fuel is 

25 fed through a fuel supply conduit 15, and the 

cathode side 14 to which a gaseous oxidant, such as 
oxygen or air, is admitted or supplied through an 
oxidant supply conduit 16. 

The general principles of construction and 

30 operation of the fuel cell device 12 are so well 

known as not to reguire detailed explanation herein. 
Suffice it to say that a catalytic electrochemical 
reaction takes place in the fuel cell device 12, 
resulting in combination of hydrogen with oxygen 
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into product water, and in generation of a useful 
output, that is, electric current that is presented 
at or flows through respective leads or terminals 60 
and 61. 

5 Now, as alluded to before, the electrochemical 

reaction requires for its performance the presence 
of at least one catalyst, typically a carbon- 
supported platinum or platinum alloy, in the fuel 
cell device 12. Catalysts of this kind are known to 

10 have a pronounced affinity for carbon monoxide, with 
the deleterious effect that any carbon monoxide 
carried to the anode side 13 of the fuel cell device 
with the gaseous medium or fuel (hydrogen) admitted 
through the fuel supply conduit 15 will "poison" the 

15 anode catalyst or a portion thereof, that is, render 
it ineffective for promoting the desired 
electrochemical reaction by attaching itself to the 
catalyst and thus denying the hydrogen access 
thereto. The extent of such anode catalyst 

20 poisoning determined in part by the concentration 

(or partial pressure) of carbon monoxide present in 
the gaseous fuel. 

Obviously, this problem does not exist when 
pure, or substantially pure, hydrogen is being used 

25 as the fuel. However, such pure hydrogen is rather 
expensive and difficult to handle and deliver, so 
that a search is on in the fuel cell field for ways 
to utilize alternative fuels, such as methane, 
natural gas, or other hydrocarbon fuels. Yet, such 

30 alternative fuels cannot be used in the fuel cell 
devices as such; rather, they or their components 
have to be converted into simpler components, 
especially hydrogen to be used as the fuel cell 
fuel, and other components, such as carbon dioxide, 

35 which do not deleteriously affect the fuel cell 



operation, or can be easily be removed from the 
gaseous fuel. Such conversion usually takes place, 
in accordance with well known principles, in a steam 
reformer and a shift converter together constituting 
the gaseous fuel source 11. Unfortunately, 
experience has shown that it is not possible to 
achieve complete conversion of the carbon contained 
in the incoming fuel to carbon dioxide, which means 
that the gaseous fuel leaving the gaseous fuel 
source 11 through a discharge conduit 17 contains a 
relatively high percentage, such as 1%, or 10,000 
parts per million (ppm) , of carbon monoxide. 

As mentioned before, the catalyst present at 
the anode side 13 of the fuel cell device 12 cannot 
tolerate carbon monoxide without suffering loss of 
effectiveness or other damage • Obviously, the speed 
of deterioration would be extremely high if the 
gaseous medium exiting the gaseous fuel source 11 
were supplied directly to the anode side 13. 
Therefore, it is crucial to provide for removal of 
as much of the carbon monoxide from such gaseous 
medium as possible to assure that the fuel cell 
device 12 will remain operational over a reasonable 
lifespan, such as at least 40,000 hours of 
operation. Ideally, the gaseous medium or fuel 
would be rid of all carbon monoxide before being 
admitted to the anode side 13 of the fuel cell 
device 12, but that is impossible to achieve, at 
least with the current state of technology. This 
being so, and considering the fact that the 
poisoning action of the carbon monoxide on the anode 
side catalyst is cumulative over the operational 
life of the fuel cell device 12, it is important to 
reduce the carbon monoxide concentration in the 
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gaseous fuel supplied to the anode side 13 to a 
minimum . 

To this end, the selective oxidation apparatus 
10 of the present invention as illustrated includes 
5 two consecutive stages 20 and 30, with the first 
stage 20 being supplied with the gaseous fuel 
emerging from the gaseous fuel source 11 through the 
discharge conduit 17. A heat exchanger 40 is shown 
to be interposed between the stages 20 and 30, in a 

10 connecting conduit 18 extending between such stages 
20 and 30 and carrying gaseous fuel discharged from 
the first stage 20 to the second stage 30. Each of 
the stages 2 0 and 30 includes an enclosed vessel or 
container 21 or 31 which bounds an internal chamber. 

15 A respective body or bed 22 or 32 of a catalyst 

capable of selectively oxidizing carbon monoxide in 
the presence of gaseous oxygen is contained in the 
internal chamber of the respective container 21 or 
31, being shown to be supported on a perforated or 

20 otherwise gas-permeable support member 23 or 33 

which facilitates the distribution of the gaseous 
fuel to all regions of the respective catalyst bed 
22 or 32 and makes it as uniform as possible. The 
catalyst contained in the beds 22 and 32 is of the 

25 type known to be highly selective for carbon 

monoxide. Examples of such catalysts are listed in 
the article mentioned above. Currently, it is 
preferred to use alumina supported platinum, by 
itself or in combination with other trace elements, 

3 0 for the selective catalyst of the catalyst beds 22 
and 32. 

Gaseous oxygen, the presence of which is needed 
for the performance of the selective oxidizing 
reaction in the two catalyst beds 22 and 32, is 
3 5 indicated to be admixed, either as such or as a 
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component of air or a similar oxygen-carrying gas, 
to the gaseous fuel flowing in the conduit 17, in a 
mixing device 19. However, it is to be understood 
that such oxygen or oxygen-carrying gas could be 
5 introduced instead directly into the container 21 
and/or 31 either only upstream of the catalyst bed 
22 and/or 32 or additionally into the bed 22 and/or 
32 itself. 

A cooling coil 24 or 34 is shown to be embedded 

10 in the respective catalyst bed 22 or 32, being 

supplied with a coolant through a respective coolant 
supply conduit 25 or 35, with the coolant being 
discharged from the respective cooling coil 24 and 
34 after passing therethrough via a respective spent 

15 coolant discharge conduit 26 or 36. The rate of 
flow of the fresh coolant into the respective 
cooling coil 24 or 34 is controlled by a respective 
coolant flow control valve 27 and 37. Similarly, a 
coolant is admitted into the heat exchanger 40, 

20 which is of any well-known construction, through a 
coolant supply conduit 41, and is discharged 
therefrom through a discharge conduit 42, with the 
rate of flow of the coolant through the heat 
exchanger 40 being controlled by a flow control 

25 valve 43. 

The operation of the selective oxidizing 
apparatus 10 and particularly of the valves 27, 37 
and 43 is controlled by a control device 50 which 
again is of any known construction and usually 

3 0 includes a computer or a part of a computer that 
controls the operation of the fuel cell 12 and/or 
the gaseous fuel source 11, and appropriate 
software. The control device 50 is intended to 
control the valves 27, 37 and 43 in such a manner 

35 that the selective oxidizing process, which is 
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exothermic by nature, takes place in the respective 
catalyst beds 22 and 32 under well defined 
temperature conditions that will be explained later. 
To be able to do this, the control device 50 is 
5 furnished with information from respective 

temperature measuring devices 51 and 52, through 
respective connecting lines 53 and 54, about the 
temperatures of the gaseous fuel after it has left 
the first stage 20 and the second stage 30, 

10 respectively, of the selective oxidizing apparatus 
10. Based on this information, the control device 
50 then issues control commands that are furnished 
to the respective valves 27, 37 and 43 through 
respective control lines 55, 56 and 57 to thereby 

15 control the rate of flow of the coolant through the 
respective valves 27, 37 and 43 in the senses 
resulting in the temperatures sensed by the 
temperature measuring devices 51 and 52 approaching 
or reaching the desired values. 

20 Control algorithms capable of accomplishing 

this purpose are of the well known type so that they 
need not be described in detail here. Suffice it to 
say that, in accordance with the present invention, 
the cooling of, that is the removal of the 

25 exothermic oxidizing reaction heat from, the first 

stage catalyst bed 22 is controlled via the valve 27 
in such a manner that the temperatures existing in 
the first catalyst bed 22 are consistently above a 
threshold temperature below which the catalyst would 

3 0 be rapidly rendered ineffective when exposed to the 
high concentration of carbon monoxide contained in 
the gaseous fuel treated as it enters the first 
catalyst bed 22. This threshold temperature is 
about 220°F. However, it has been found to be 

35 advantageous to conduct the oxidizing operation in 
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the first catalyst bed 22 at temperatures that are 
considerably higher than the threshold temperature, 
such as at about 320°F. 

As mentioned before, at these relatively high 
temperatures, the catalyst is not rendered 
ineffective by the carbon monoxide despite its high 
concentration; yet, as has been found out before, it 
is impossible for the carbon monoxide concentration 
to be reduced to less than about 60 ppm during its 
passage through the first catalyst bed 22 regardless 
of its size when the oxidizing operation is 
conducted at temperatures above the threshold 
temperatures throughout, without removing the 
product carbon dioxide from the gaseous fuel stream 
as proposed in the aforementioned article. 

Yet, quite surprisingly, it has been 
established that there is no need for such carbon 
dioxide removal when, in accordance with the present 
invention, the temperatures at which the selective 
oxidation reaction takes place in the second stage 
catalyst bed 32 are maintained below the threshold 
temperature but still within the temperature range 
within which the catalyst is effective to promote or 
achieve the selective or preferential oxidation of 
carbon monoxide. Moreover, and even more 
importantly, it has been found out that, when this 
expedient is resorted to, the carbon monoxide 
concentration in the gaseous fuel as it leaves the 
second catalyst bed 32 is reduced to a significantly 
lower level than that achievable by using the 
approach disclosed in the above article, such as to 
6 ppm or even less. 

In view of this, the control device 50 is made 
operative for maintaining the temperatures 
throughout the second catalyst bed 32 below such 
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threshold temperature. This is achieved, in the 
illustrated apparatus 10, by cooling the gaseous 
fuel in the heat exchanger 40 to below the threshold 
temperature prior to its admission into the second 
5 stage 30 and, furthermore, by cooling the second 
catalyst bed 32 by a coolant flowing through the 
cooling coil 34 under the control of the valve 37 to 
remove additional heat resulting from the exothermic 
oxidation reaction from the second catalyst bed 32. 

10 It came as quite a surprise that, despite the 
propensity of the catalyst for being rendered 
ineffective by the carbon monoxide at temperatures 
below the threshold value, this did not occur in the 
second catalyst bed 32. A possible explanation for 

15 this rather unexpected result is that the 

concentration of the carbon monoxide in the gaseous 
fuel entering the second catalyst bed 32 is already 
so low, after the bulk of the carbon monoxide has 
been removed in the first catalyst bed 22, that the 

20 remaining carbon monoxide is incapable of rendering 
the catalyst of the second bed 32 ineffective, at 
least at any other than a negligible rate. 

Even though the construction of the selective 
oxidation apparatus described above is considered to 

25 be particularly advantageous, it is also 

contemplated by the present invention to conduct the 
above two-stage selective oxidizing operation 
without intervening cooling of the gaseous medium 
between the stages 20 and 30. As a matter of fact, 

30 it is also proposed to for the two-stage oxidation 
process to be performed in a single bed, in which 
case the function of the first catalyst bed 22 would 
be performed by an inlet portion of the single 
catalyst bed at temperatures above the threshold 

3 5 temperature, and that of the second catalyst bed 32 



WO 93/19005 



PCT/US93/02660 



by an outlet portion of such single catalyst bed at 
temperatures below the threshold temperature. In 
this scenario, there could be either an abrupt 
temperature drop between the inlet and outlet 
5 portions, or a gradual temperature decrease from 
above to below the threshold temperature in the 
direction of flow of the gaseous medium through the 
single catalyst bed. 

Furthermore, even though the selective carbon 

10 monoxide oxidation apparatus 10 has been shown as 
having the catalyst located outside the respective 
coils 24 and 34 in the form of respective beds 32 
and 34, it is to be understood that the situation 
can be reversed if found advantageous, that is, the 

15 required catalyst quantity could be accommodated 
inside the coils 24 and 34 as either inlet and 
outlet portions of such quantity or continuous 
catalyst bed, or as respective separate catalyst 
beds, and the cooling medium could then be situated 

20 as respective cooling medium baths all around the 
convolutions of the coils 24 and 34. Under these 
circumstances, the conduits 25, 35, 2 6 and 36 would 
obviously communicate with the respective cooling 
medium baths, and the valves 27 and 37 would be used 

25 to control the admission of fresh (cool) cooling 
medium into the respective baths so as to control 
the desired temperatures thereof. This approach, 
however, does not readily lend itself to the 
achievement of gradual temperature diminution in the 

30 catalyst quantity in the direction from its inlet 
portion to its outlet portion. 

Turning now to Figure 2 of the drawing, it may 
be seen that it shows certain test results obtained 
by using an experimental selective carbon monoxide 

35 oxidation apparatus employing the principles of the 
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present invention but constructed as an 
implementation of the last-mentioned approach in two 
separate consecutive stages of which the first is 
maintained at above, and the second at below, the 
threshold temperature of 220°F. To achieve 
consistent and comparable results, a gaseous medium 
of a known and constant composition (by volume, 1% 
carbon monoxide, 29% carbon dioxide, and the 
remainder hydrogen) to which there was added 1.35% 
by volume oxygen (resulting in 2.7 times the 
stoichiometric ratio of oxygen to carbon monoxide) 
was used throughout such tests. Of the 1.35% 
oxygen, the 1% was added to the gaseous medium prior 
to the first stage, and the remaining .35% prior to 
the second stage. Such tests were conducted at 
different volumetric hourly space velocities (VHSV) , 
which term is defined as cubic feet per hour of the 
gaseous medium per cubic foot of catalyst; yet, for 
the sake of simplicity, each VHSV will be expressed 
below merely in units of "per hour" (h" 1 ) . 

It may be seen by observation of Figure 2 that, 
when the tests were run using one VHSV (4500 h" 1 ) , 
the carbon monoxide concentrations measured 
downstream of the second stage (indicated by circles 
in Figure 2) were consistently below the desired 
upper limit of 10 ppm, and often below 5 ppm. There 
is also an apparent tendency for such concentrations 
to decrease with increasing time of operation of the 
apparatus, boding well for the operational longevity 
of such selective oxidizing apparatus. On the other 
hand, when another test was run at a lower VHSV 
(3000 h 1 in this instance), as indicated by squares 
in Figure 2, none of the carbon monoxide measurement 
results came below the desired upper limit, so that 
this particular test was terminated after only a 
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relatively short period of time. 

Moreover, another set of intermediate carbon 
monoxide concentration measurements was taken within 
(in about the middle of) the second stage during the 
5 performance of both tests. The results of such 
measurements (indicated by triangles in Figure 2) 
were consistently below those obtained at or 
downstream of the second stage exit and, as a matter 
of fact, so low that it was impossible to obtain 

10 accurate indications given the limited sensitivity 

of the measuring device. Conclusions that were drawn 
from the comparison of such test results are that 
some backshifting from carbon dioxide to carbon 
monoxide takes place due to reaction of carbon 

15 dioxide with hydrogen in the second stage downstream 
of the location at which the intermediate 
measurements were taken, and that the degree of such 
backshifting increases with decreasing VHSV. This 
limited amount of carbon monoxide regeneration may 

20 be acceptable in many cases, so long as it is 

assured that the carbon monoxide concentration in 
the exiting gaseous medium is still below the 
desirable upper limit. 

Now, at least when the oxidizing apparatus 

25 employing the approach presented above is to be used 
to rid fuel gas being supplied to a fuel cell device 
of carbon monoxide, it has to be designed in such a 
manner as to be able to treat all of such fuel gas 
that is needed during the operation of the fuel cell 

3 0 device at rated or peak performance (or electric 

power output) level. This means that the amount of 
catalyst present in the oxidizing apparatus must be 
high enough with respect to the volumetric rate of 
flow of the fuel gas demanded by the fuel cell 

3 5 device at this performance level as to achieve a 
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VHSV high enough to avoid unacceptably high level of 
back formation of carbon monoxide in the downstream 
portion of the second catalyst stage. To do less 
would result in a situation where the fuel gas would 
leave the catalyst quantity before completion of the 
oxidizing reaction; to do more would mean increased 
back formation of carbon monoxide in the downstream 
portion of at least the second catalyst stage. 

In many instances, though, the electric power 
demand on the fuel cell device varies over time, 
sometimes amounting to as little as 20% of the rated 
power or even less, which means that the amount of 
the fuel gas being supplied to the fuel cell device 
has to be adjusted accordingly. It is with this in 
mind, and based on the above realizations, that the 
method and apparatus of the present invention have 
been further modified in the manner that will be 
discussed below in connection with Figure 3 of the 
drawing in which the same reference numerals as 
before have been used to identify corresponding 
parts that are arranged and function in the manner 
explained above so that they need not and will not 
be discussed in detail. 

Here again, the selective oxidation apparatus 
10 is shown to include two consecutive stages 20 and 
30. However, this time the internal chamber of the 
container 31 is subdivided, by respective 
partitioning walls such as 38.1, into individual 
compartments, and the connecting conduit 18 is 
furcated downstream of the heat exchanger 40 into a 
plurality of individual connecting conduit branches 
each communicating with one of such compartments. 
Similarly, the discharge conduit 15 has the same 
number of discharge conduit branches each for 
discharging the gaseous medium from a different one 
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of the compartments into a common portion of the 
conduit 15. Respective remotely controllable on/off 
or control valves 39.1 to 31. n (where n is the 
number of the compartments and of the components 
5 associated therewith) are interposed in the 
respective connecting conduit branches. 

Respective beds 32.1 to 32. n of a catalyst 
capable of selectively oxidizing carbon monoxide in 
the presence of gaseous oxygen are contained in the 

10 internal compartments of the container 31, being 
shown to be supported on respective perforated or 
otherwise gas-permeable support members 33.1 to 3 3.n 
which facilitate the distribution of the gaseous 
fuel to all regions of the respective catalyst bed 

15 32.1 to 32. n and makes it as uniform as possible. 

The catalyst contained in the beds 32.1 to 32. n is 
once more of the type known to be highly selective 
for carbon monoxide and may be the same as that 
present in the bed 22. At least a part of the 

20 gaseous oxygen needed for the performance of the 
selective oxidizing reaction in the catalyst beds 
32.1 to 32.n, may again be introduced directly into 
the container 31 either only upstream of the 
catalyst beds 32.1 to 32. n or additionally into the 

25 respective bed 32.1 to 32.n itself. 

Cooling coils 34.1 to 34. n are shown to be 
embedded in the respective catalyst beds 32.1 to 
32 *n, being supplied with a coolant through 
respective coolant supply conduits 35.1 to 35.n, 

3 0 with the coolant being discharged from the 

respective cooling coil 34.1 to 34. n after passing 
therethrough via a respective spent coolant 
discharge conduit 36.1 to 36. n. The rate of flow of 
the fresh coolant into the respective cooling coil 
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34.1 to 34. n is controlled by a respective coolant 
flow control valve 37.1 to 37.n. 

The control device 50 , which is of the 
character described above but appropriately modified 
5 in construction and operation to take the changed 
circumstances into account, controls the operation 
of the valves 39.1 to 39. n and of valves 39.1 to 
39.n, as well. Based on the information derived 
from the temperature measuring devices 51 and 52, it 

10 issues additional control signals to control lines 
55.1 to 55. n to control the rate of flow of the 
coolant through the respective valves 37.1 to 37.n 
in the senses resulting in the temperatures sensed 
by the temperature measuring device 52 approaching 

15 or reaching the desired value. The control device 
50 is also operative for controlling the 
displacement or switching of the control valves 39.1 
to 39. n between their open and closed positions, by 
issuing appropriate control signals that are 

2 0 transmitted to the control valves 39.1 to 3 9. n via 

individual control lines 58.1 to 58. n. 

As also shown, the control device 50 is further 
furnished with information about the load conditions 
to be met or existing at any particular time of 
25 operation of the fuel cell device 12 and thus of the 
oxidizing apparatus 10 and the gaseous fuel source 
11. This information is supplied to the control 
device 50 via a line 59 from an amperemeter 62 that 
is interposed in the terminal line 60 and measures 

3 0 the amount of electric current flowing through such 

terminal line 60, as an electric signal indicative 
of such measured value. This electric signal is 
also indicative of (and typically used to control) 
the rate of generation of the gaseous fuel in the 
35 gaseous fuel source 11, and thus the volumetric flow 
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rate of such fuel out of the source 11 and through 
the oxidizing apparatus 10 to the fuel cell device 
to satisfy the demand therefor. 

Now that the construction of the modified 
5 carbon monoxide oxidizing apparatus 10 of the 

present invention and the environment in which it is 
used to advantage has been described, it is time to 
discuss the operation of such modified apparatus 10 
in some detail still in the context of Figure 3 but 
10 as considered in conjunction with Figure 4 of the 
drawing. 

A curve 70 appearing in Figure 4 is 
representative of the dependence of the carbon 
monoxide concentration at the exit of the apparatus 

15 10 on the relative flow rate (VHSV) of the gaseous 
fuel therethrough, wherein the value of 1 on the 
relative flow rate scale is indicative of the design 
or maximum expected flow rate conditions that are 
not to be exceeded, or only insignificantly so, lest 

20 the oxidizing reaction fall short of completion with 
attendant increase in the carbon monoxide 
concentration. Now, let us assume that, a particular 
point in time, the fuel cell device 12 is to be 
operated at only 20 percent of its capacity, so that 

25 the flow rate of the gaseous fuel is decreased 
correspondingly. If this amount of fuel were 
permitted to flow through all of the compartments 
(catalyst beds 32.1 to 32.n), the conditions 
encountered at point 71 of the curve 70 would 

30 prevail, that is, the exiting gaseous fuel would 

have carbon monoxide concentration in excess of 25 
ppm, which is an unacceptably high level. 

Let us assume further that n amounts to 6, that 
is, that there are 6 separate partial beds 32.1 to 

35 32.6 in the second stage 30; then, elimination of 
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three such beds 32.1 to 32.6, such as 32.4 to 32.6, 
from the path of flow of the gaseous fuel through 
the oxidizing apparatus 10, which is achieved by the 
control device 50 causing the complete closure of 
the control valves 39.4 to 39.6 while the control 
valves 39.1 to 39.3 remain fully open, doubles the 
rate of flow of the gaseous fuel through the 
remaining partial beds 32.1 to 32.3, bringing the 
conditions to point 72 on the curve 70. It may be 
seen that, under these conditions (at this VHSV) , 
the exit carbon monoxide concentration is at just 
about the still acceptable upper limit. If, 
however, another one of the partial beds 31.1 to 
31.3, say 31.2, is taken out of operation by the 
control device 50 closing the control valve 39.2, 
the VHSV through the remaining two partial beds 32.1 
and 32.3 corresponds to point 73 on the curve 70 at 
which the carbon monoxide concentration in the 
gaseous fuel leaving the apparatus 10 is at an 
almost negligible level. While 6 has been used for 
convenience as the value of n, there is normally no 
need for n to exceed 2 or 3. 

It goes without saying that the additional 
modifications and structural changes mentioned above 
in conjunction with Figure 1 can be adopted or made 
in the apparatus depicted in Figure 4 as well. In 
addition, rather than compartmentalizing only the 
second stage 30, the first stage 20 could be 
similarly subdivided as well, in which the split 
into parallel branches with individual control of 
the flow therethrough would take place in front of 
the first stage 20, with individual connecting 
conduits then connecting the corresponding 
compartments of the first and second stages 2 0 and 
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While the present invention has been 
illustrated and described as embodied in particular 
constructions of a selective oxidizing apparatus for 
use in carbon monoxide removal from a gaseous fuel 
5 being supplied to a fuel cell under varying load 

conditions, it will be appreciated that the present 
invention is not limited to this particular example; 
rather, the scope of protection of the present 
invention is to be determined solely from the 
10 attached claims. 
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Claims 



1 1. A method of reducing to a desired minimum level 

2 the concentration of carbon monoxide in a gaseous 

3 medium that also contains at least hydrogen, by 

4 selective catalytic oxidation in the presence of 

5 gaseous oxygen using a catalyst which is capable of 

6 oxidizing carbon monoxide in an exothermic reaction 

7 at temperatures within a given temperature range, 

8 but is rapidly inactivated when exposed to high 

9 carbon monoxide concentrations at less than a 

10 threshold temperature within the given temperature 

11 range, and incapable of reducing the carbon monoxide 

12 concentration to the desired minimum level when 

13 exposed to carbon monoxide at above the threshold 

14 temperature, comprising the steps of 

15 confining a quantity of the catalyst to form an 

16 inlet portion and an outlet portion of the catalyst 

17 quantity; 

18 passing the gaseous medium through the confined 

19 catalyst quantity from the inlet portion to the 

20 outlet portion thereof; 

21 introducing gaseous oxygen into at least the 

22 inlet portion of the confined catalyst quantity; and 
2 3 controlling the temperatures encountered in the 

24 confined catalyst quantity in such a manner that the 

25 exothermic reaction takes place at above, and at 

26 below, the threshold temperature in the inlet 

27 portion and the outlet portion, respectively. 

1 2. The method as defined in claim 1, wherein said 

2 controlling step includes maintaining the 

3 temperatures encountered in the inlet portion 

4 considerably above the threshold temperature. 
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1 3 . The method as defined in claim 2 , wherein the 

2 threshold temperature is about 220°F and the 

3 temperatures encountered in the inlet portion are in 

4 excess of about 320°F. 

1 4. The method as defined in claim 1, wherein said 

2 confining step includes forming at least two 

3 separate catalyst beds one constituting the inlet 

4 portion and the other the outlet portion of the 

5 confined catalyst quantity? and wherein said 

6 controlling step includes cooling the gaseous medium 

7 after leaving the one catalyst bed and before 

8 entering the other catalyst bed. 

1 5. The method as defined in claim 1, wherein said 

2 controlling step includes removing heat resulting 

3 from the exothermic reaction from the confined 

4 catalyst quantity at rates sufficient to maintain 

5 the temperatures encountered in the inlet and outlet 

6 portions at above, and at below, the threshold 

7 temperature , respectively . 

1 6. The method as defined in claim 1, wherein said 

2 introducing step includes adding the gaseous oxygen 

3 to the gaseous medium at least prior to the 

4 performance of said passing step. 

1 7. The method as defined in claim l, further 

2 comprising the step of subdividing at least the 

3 outlet portion of the confined catalyst quantity 

4 into a plurality of separate catalyst beds, and 

5 determining the amount of the gaseous medium to be 

6 treated at a particular time; and wherein said 

7 passing step includes directing the thus determined 

8 amount of the gaseous medium through only as many 
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9 addressed ones of the separate catalyst beds as 

10 required to achieve a flow rate of the gaseous 

11 medium therethrough that is sufficiently high to 

12 avoid any significant reverse shift of carbon 

13 dioxide to carbon monoxide due to reaction with 

14 hydrogen at least in the respective addressed bed of 

15 the outlet portion. 

1 8. The method as defined in claim 7 , wherein said 

2 confining step includes forming at least one first 

3 catalyst bed constituting the inlet portion, and a 

4 plurality of second catalyst beds separate from each 

5 other and from the first catalyst bed and 

6 collectively constituting the outlet portion of the 

7 confined catalyst quantity; and wherein said 

8 directing step takes place downstream of the first 

9 catalyst bed and upstream of the second catalyst 
10 beds, 

1 9. An apparatus for reducing to a desired minimum 

2 level the concentration of carbon monoxide in a 

3 gaseous medium that also contains at least hydrogen, 

4 by selective catalytic oxidation in the presence of 

5 gaseous oxygen using a catalyst which is capable of 

6 oxidizing carbon monoxide in an exothermic reaction 

7 at temperatures within a given temperature range, 

8 but is rapidly inactivated when exposed to high 

9 carbon monoxide concentrations at less than a 

10 threshold temperature within the given temperature 

11 range, and incapable of reducing the carbon monoxide 

12 concentration to the minimum level when exposed to 

13 carbon monoxide at above the threshold temperature, 

14 comprising 

15 means for confining a quantity of the catalyst 
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16 to form an inlet portion and an outlet portion of 

17 said catalyst quantity; 

18 means for passing the gaseous medium through 

19 said confined catalyst quantity from said inlet 

20 portion to said outlet portion thereof; 



means for introducing gaseous oxygen into at 
least said inlet portion of said confined catalyst 
quantity ; and 

means for controlling the temperatures 
encountered in said confined catalyst quantity in 
such a manner that the exothermic reaction takes 
place at above, and at below, the threshold 
temperature in said inlet portion and said outlet 



1 portion , respectively • 

2 10. The apparatus as defined in claim 9, wherein 

3 said controlling means includes means for 

4 maintaining the temperatures encountered in said 

5 inlet portion considerably above the threshold 

6 temperature. 

1 ll. The apparatus as defined in claim 10, wherein 

2 the threshold temperature is about 220°F and the 

3 temperatures encountered in said inlet portion are 

4 in excess of about 320°F. 

1 12. The apparatus as defined in claim 9, wherein 

2 said confining means includes means for forming at 

3 least two separate catalyst beds one constituting 

4 said inlet portion and the other said outlet portion 

5 of said confined catalyst quantity; and wherein said 

6 controlling means includes means for cooling the 

7 gaseous medium after leaving said one catalyst bed 

8 and before entering said other catalyst bed. 
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1 13. The apparatus as defined in claim 9, wherein 

2 said controlling means includes means for removing 

3 heat resulting from the exothermic reaction from 

4 said confined catalyst quantity at rates sufficient 

5 to maintain the temperatures encountered in said 

6 inlet and outlet portions at above, and at below, 

7 the threshold temperature, respectively. 

1 14. The apparatus as defined in claim 9, wherein 

2 said introducing means includes means for adding the 

3 gaseous oxygen to the gaseous medium at least prior 

4 to the admission thereof into said inlet portion. 

1 15. The apparatus as defined in claim 9, further 

2 comprising means for subdividing at least said 

3 outlet portion of said confined catalyst quantity 

4 into a plurality of separate catalyst beds, and 

5 means for determining the amount of the gaseous 

6 medium to be treated at a particular time; and 

7 wherein said passing means includes means for 

8 directing the thus determined amount of the gaseous 

9 medium to flow through only as many addressed ones 

10 of said separate catalyst beds as required to 

11 achieve a flow rate of the gaseous medium 

12 therethrough that is sufficiently high to avoid any 

13 significant reverse shift of carbon dioxide to 

14 carbon monoxide, due to reaction with hydrogen, at 

15 least in the respective addressed bed of said outlet 

16 portion. 

1 16. The apparatus as defined in claim 15, wherein 

2 said confining means includes means for forming at 

3 least one first catalyst bed constituting the inlet 

4 portion, and a plurality of second catalyst beds 

5 separate from each other and from said first 
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6 catalyst bed and collectively constituting said 

7 outlet portion of said confined catalyst quantity; 

8 and wherein said directing means is interposed 

9 between said first catalyst bed and said second 
10 catalyst beds. 
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